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NATIONAL ADVISORY C O " 3 T E E  FOR AERONAmCS 

OF THE ~ A C A  10-(5) (066) -03 PROPEIJXR 

UNDER OPERATING CONDITIONS 

A broad investigation has been made in  the Langley 16-foot high- 
gpeed tunnel t o  determine  propeller  section  aerodynmlc  characteristics 
by measuring the aurface preeatre  distribution an the a i r fo i l   sec t ions  . 
of a rotating  propeller.  Five  specially desilpled propellers  incorpo- 
ra t ing NACA 16-series  airfoil   sections were tested.  The design  parameters 
of the  f ive  propellers covered a range of section  thickness ratio and 
desi- camber. 

This paper presents the data obtafned from the   t ee t s  of one of 
the  f ive  propellers.  The present  tests were c d u c t e d  on the 
PBACA 10- ( 5 )  (066) -03 propeller which had the highest cmbered blades of 
the group. The design ca@ber  of all the e e c t i m s  tes ted was 0.5 and the 
thickness-chord rat io   var ied from 16 percent t o  4 percent. The data are 
presented In tabular form as PIWSSUIW c o e f f i c i e n t ,   n o m - f o r c e  coef- 
f i c i en t ,  chordwlee-force coefficient,  and moment coefficient.  A 
geometric angle-of-attack range f r o m  -3.50 t o  llo wa8 covered in the 
Mach  number range from 0 .h to 0.80. For higher Mach numbers from 0.83 
t o  1.15, t h e   e e c t i a  ncxdnd angle of attack varied f r o m  -2.5 d t o  3.5'. 

The r e su l t s  are presented as pel- data for each  propeller 
t e s t  made and no attempt  has  been made t o  a n a l y z e  the data. 

INTROWCTION 
r 

S ince  propeller  sections  operate at speeds  cansiderablg  higher then 
1- those  encomtered on o h e r  parts of an airplane, the propeller  desiguer 

and analyst have continually been faced with a lack of a i r f o i l  data in  
the k a n s m i c  speed range. At subsonic  speeds above t h e   c r i t i c a l  speed 
of the airfoil  nearly all available data are subject t o  xlnd-tunnel 
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choking effects,  and attempts at exbrapolaticm t o  h3gher values of Mach 
number have yielded  mcertain results. Even if the two-dimensional data 
were available  for  supercritical  values of Mach  number, the  effects of 
velocity  gradiknt  almg  the  blade,  the  three-dimensional tip effects,  
and the action of  the  centrifugal  force on the boundary layer dong the 
blade impose problams that need t o  be investigated OR the operating 
propeller. 

As a first step toward obtaining  propeller secfiion data, t e s t s  were 
made in the Langley 16-foot  high-speed  tunnel whereby section aeroaynamic 
characterfatice were determined by measuring the surface  pressure  distri- 
butions on the operating  propeller  blade  sections of an 
NACA lo-(  3) ( 0 9 )  -03 propeller. P r e l i m i n a r y  resu l t s  of these tests are 
presented in reference 1. 

The success of the initial investigation  led  to  the  inauguration 
of a broad program of tes ts   during which f ive propellers were tested  in 
the two-blade configuration and t o  a limited  extent in the one-blade 
configuration. The five  propellers were deeigned especially  for this 
investigation and the  design  parameters  covered a of secticm 
thickness-chord r a t l o  and a range of s e c t i m  design l i f t  coefficient. 
The propellers  tested are designated as follows: 

NACA 10-(3)(066)-03 
NACA lo-( 3) (049)-03 
NACA IO-( 3) (OgO)-O3 
NACA 10-(5)(066)-03 
NACA 10-(0)(066)-03 

The resul ts  of the tests of the NACA lo-( 3) (066) -03, the 
NACA lo-( 3) (049) -03, and the NACA lo-( 3) (090) -03 propellers were 
reported in references 2, 3, and 4, respectively. It is pointed out 
that  the  propeller  designations  as  given in  references 2 and 3 are in 
er ror  i n  that t he   d ig i t s   a f t e r   t he   l a s t  hyphen in the designation 
should  read 03 instead of 033: 

This  paper  presents  the  results of the NACA lo-( 5)  (066) -03 propeller 
which is  the  highest cambered propeller of the  preeent program. The 
resu l t s  are presented as pressure coefficient,  normal-force  coefficient, 
pitching-merit coefficient, and chordwise-force  coefficient in  tabular 
form. No analysis of the data i s  presented  other than that which is  
considered essential f o r  a clear understanding  of  the data presented. 
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SYMBOLS 

The symbols used throughout  this paper, some of  which are defined 
in figure 3, are as follows: 

B nmber of  blades 

b blade  chord,  feet 

C distance f r o m  section leading edge to any pofnt on the 
chord,  feet 

3 

a distance Frm section  leading edge to any point about  which 
pitching moments are taken, feet 

CC section  chordwise-force  coefficient 

cz 
czd 

section llft coefficient 

blade-section design lift coefficfent 

cm  sectim pitchfng-moment  coefficient  about  the  quarter-chord 
Point 

'n 
D propeller  diamster,  feet 

sectim normal-force  coefficient 

FC 

Fn section normal pressure force, pounds 

section  chordwise  pressure force, pounds 

G Goldstein induced-velocity  correction  factor for a finite 
nmber of blades 

h blade-section maximum thiclmess,  feet 

J 

M 

m 

m 

Mach  number of advance 

helical  eection Mach rimer (M d q )  
section  pitching mment, pound-feet 

propeller rotational qeed,  r p a .  - 
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n 

P 

propeller  rotational speed, rps  

pressure coefficient (" 4:) 
s t a t i o  pressure a t  a point on the  airfoil   surface,  pounds 

per square foot 
P 

free-stream  static  pressure, pounds per square foot PO 

QX resultant dynamic at a radial statim x, pomds 

per square foot 

propeller-tip  radius,  feet R 

r radius t o  a blade  element, feet 

polar ordinate, feet r P 
S dietance along surface of blade section,  feet  

velocity of advance (corrected  for 
interference effects), feet per 

V wind-tunnel-wall 
second 

resultant velocity at blade section, feet per secmd W 

induced velocity at blade section, feet per second 

fract ion of propeller-tip  radius (rh) 
wi 

X 

normal distance from chord lfne to upper or  loner surface 
of a i r fo i l ,  inches 

Y 

induced angle of attack,  degrees =i 

angle of attack of blade elemant, corrected f o r  induced 
flow and blade  deflection, at radial  statim x, degrees 
(P" - B + 43) 

geometric &e of attack of blade element a t  radial  
statim x, degrees (Px - go} 

ck 

%' 

B 
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Po *75R 

@.X blade angle a t  statim x, degrees 

blade  angle at  0.75 t i p  radiue,  degrees 

& change in blade  angle  caused br operation loads, degrees 

Y ratio of specific  heats f o r  air (1.4) 

P 

Q 

mas8 density of air fn f ree  stream, slugs per  cubic  foot 

B hel ix  m e ,  depees  ' 

B O  geometric helix angle,  degrees (tan-' (J/m)) 

* slope angle at the  surface of the  section,  referenced  to 
chord, degrees 

03 propeller  rotational eeed, radians per second 

Subscripts : 

L lower-surface value 

U upper-surface value 

5 

Basic e q u i p n t . -  T h e  t e s t s  were mde with the XACA 2000-horsepower 
propeller dynamamster In the Langley 16-foot high-speed tunnel. A 
complete description of the dynamometer is conkined in reference 5 .  
The pressure-transfer  device used to transfer the  pressuree measured at 
the blade  surface  orifices from t h e   r o k t i n g  members of the t e s t  setup 
to  the e t a t i m y  manometers i s  described in r e f e r a c e  2 together with 
a description of the  optical  deflectameter. The deflectmeter  was 
necessa3.y for an accurate  determination of the  blade-section angles of 
attack because the  blades  twisted due t o  the air loads and c e n t r i f u g a l  
force  acting on the blade when the  propeller w a 8  operating. A schematic 
diagram of the t e s t  setup is a h o m  in figure 1. 

Propellers.- The propeller blades were of so l id  dwdmnin construc- 
t i a n  and were desi-ated  the NACA lO-(5)(066)-03 design. The d ig i t s  

I 
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in the  propeller  designation  describe  the  propeller  diameter and the 

airfoi l   sect ion at the  design radius (E = 0 -70 as follows:  propeller 
dimeter ,  10 feet;  section  design l i f t  coefficient, 0.50; section 
thickness-chord  ratio, 0.066; and so l id i ty  per blade, 0 .O3. The blades 
had a rectangular plan form with a blade  width of 8 inches and were made 
up of nACA 16-series sect ime throughout having a design lift coefficient 
of 0.50 almg t h e  entire radius  with  the  exception of a amall portion 
near  the  t ip.  Due to  inaccuracies i n  the  fabrication  process  the  section 

at the = 0.975 statim wa.s n o t  precisely an WACA 16-aeries s ec t im .  

From measurements made a t  the r = 0.975 station  the  actual  sectim was 

determined and the ordinates are given in 'table 1 together with a sketch 
of the  actual  section compared with an NACA 16-series section. Blade- 
form characteristic  curves are  presented fn f i g w e  2. 

1 

R 

R 

Twenty-four pressure  tubes were  imbedded in the  surface of one of 
the  blades  together wlth a resistance thermometer imbedded in the thrust  
face.  Details of  the  blade  construction,  pressure tube and or i f ice  
installation, and temperature measurements are  described in  reference 2. 

The t ee t s  were made a t  a blade-angle set t ing of 45' at the 
$ =  0 .E statim. For most of the   t es t s  a constant  rotational speed 

was used and a range of advance r a t i o  m s  covered by changing the  tunnel 
airspeed, which was varied from about U 5  t o  500 miles per hour. A t  
higher  speeda, however, the dynamometer could  not  deliver  sufficient 
torque for operatian at constant  rotational speed and f o r  this reaeon 
high-speed data were obtahed by operat'ing  the tunnel at constant high 
values  of Mach  number and the advance r a t i o  was varied by chan@;lng 
rotational speed. The t e s t  procedure and techniques employed are 
described in de t a i l  In reference 2. 

Pressure-distribution data were obtained an the  sections  located a t  
the following stations with the   t es t  blade operating  in a two-blade 
propeller; = 0.30, 0.45, 0.60, 0.70, 0.78, 0.85, 0.90,  0.95, and  0.975. 

R 

In order t o  extend  the range of advance. r a t i o   t o  lower values and, 
consequently, t o  extend the range of angle of attack and normal-force 
coefficient t o  high values, pressure data were obtained an the  section 
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b at the 2 = 0.95 station with the t e s t  blade  operatbg as a one-blade 

propeller. The de ta i l s ,o f   the  one-blade t e a t  procedure m e  d e 0  
described Fn refermce 2. 

The range of Mach  number and angle of attack covered and the 
operatlag  conditiom  for  each  test  are  specified in tables 2 t o  10. 
The table  index provides an outline of the t e s t  schedule. 

REDUCTIOX OF DATA. 

The f ollowlng equations, wfiich are  explained in d e t a i l  in ref - 
erence 2, have been med in the  reduction of the sectim data  presented 
herein. 

Section  pressure  coefficient: 

P =  P - Po 
g, 

Section n o m  force : 

Section  normal-force  coefficient: 

Section chordwise force: 

Section chordwiee-force coefficient: 
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or, in poi= coordinates, 
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Equation (5) was used to  evaluate  that  portio4  of  chordwise-force  coef- 
ficient  from $ = 0.025 to = 1 .O and  equation ( 6 )  was  used to 

evaluate  the  chordwise-force  coefficient from 2 = 0 to = 0.025. 
b 

b b 

Section  pitching-moment  coefficient : 

attack: 

at, = % I  +&I - ai 
mere ai, the  induced angle of  attack, was camputed by use of Goldstein's 
correction  for a ffnite  number of blades  as  applied by Lock  in  reference 6 
as  described in reference 2. 

The  torsional  deflection of the blades np due to the  canbination 
of the  air loads and centrifugal  loads on the blades w&8 measured  during 
the tests as described fn reference 2 and were verified by independent 
calculations.  The  accuracy  of  the  measurements is believed  to be 
within 0 .lo. 

For  the  one-blade  propeller  tests no torsional  deflection measure- 
mente were made and values f o r  the  angle-of-blade twist for  the m e -  
blade  tests  were  estimated by extrapolation of the  two-blade  data  to 
lower vduee of  advance  ratio. The extrapolation  was  determined by 
computing  the twist for the higher values of normal-force and moment 
coefficients  obtalned  at  the  lower values of advance  ratio  with t he  one- 
blade  propeller. A knowledge of the  blade loading needed  for  calculating 
4 3  W&B obtained  from wake-survey measurements made during  the  one-blade 
tests,  and  the  mamant  coefficient  was  determined  by  extrapolation  of 
the  curve of moment  coefficient  against  normal-force  coefficient  from -? 
the two-blade propeller tests. Some accuracy in the  estimation of the 
value of  the  deflection angle was  lost by t h e  extrapolation  process,  but 
t he  values preeented are believed  to be within o .2O. B certain  cases 
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L fo r  which the values of the  blade  deflection  angle were determined by 
extrapolations which were considered  too  great, or doubtful,  the  value 
of the angle haa bean canitted f r o a n  the  tables.  Extrapolated  values have 
been ident i f ied in the  tables.  

Values of the induced angles and the  blade  torsional  deflecticm 
angles are presented for each tes t   point  in tables 2 to 10. 

Tunnel-wall interference .- The data presented  herein have been 
Corrected t o  equivalent free air by the  application of the G l a u e r t  

Pressure  distribution.- The value8 of pressure  coefficient  obtained 
on the surface of the propeller  sections aze presented Fn tabular form 
in tables  2 t o  10, and three typical pressure plots  are shown in 
figure 4. The curves shown in  figure 4 are plotted from the data 
presented in tables 8( a) , 8(d), and 8(h) . The t h r e e   g m e s  in figure 4 
are  plotted for a value of angle of at tack  c lose  to  0 and axe typical 
of the pressure aistributian  obtained in the subsonic and transonic 
Bpeed ranges. 

The symbols on the curve8 of figure 4 repreeent  the chordwise points 
at which pressure  orifices were located on the upper and lower surfaces 
of the  blade  section. The valw of stagnation preesure an the  leading 
edge of the  section, which i s  recorded on the p l o t 8  and appears in the 
data tables,  was de temhed  by computation from the  equatian 

The value of the pressure coefficient a t  t h e   t r d l l n g  edge of the 
sections wae determihed f r o m  plots  such as those in figure 4 by fair- 
the pressure-distribution  curves of the upper and lower surface t o  a 
common value at the trailFng edge. Tple notation "faired value" which 
appears In the data tables  OCCUTB wherever a preesure reading was  e i ther  
not  obtained or  was cansidered  faulty. 

* The high negative  pressure peak8 near the no88 on the  lover surface 

?# occurred because of the relat ively high camber and low t h i c b e s s  r a t i o  

c 

of the section, shown in figure 4, were  cawed by a reverae curvatme of 
t h e  airfoil section. The reverse curvature of the eection surface 

of the   sec t im at  the = 0.90 radius station. 
R 
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Aerodynamic coefficients.- Values of normal-force coefficient, 
moment coefficient, and chordwise-forde coefficient  obtained by integra- 
t ion of the  pressure-distribution  plots  are  presented for each t e s t  run 
in tablee 2 to 10. A detailed  description of the method used to  obtain 
values of chordwise-force coefficient is presented in reference 2. 

A typical  plot  of the aerodynamic coefficients  obtained i s  shown 
in  f igure 5 with propeller advance r a t i o  as a cornmoll parameter. The 
propeller advance r a t i o  provides a convenient  parameter against which 
t o  plot   the  aerodynamic coefficients  since  both  the angle of attack and 
section Mach number varied  simultaneously  during a t e s t  run. From plots 
such as the one i l lus t ra ted  in figure 5 ,  cross  plots  can  be made t o  
obtain  the  variation of the aerodynamic coefficients  with angle of attack 
o r  Mach number.  The data  plotted in figure 5 were obtained frm 
table 8(d) . 

Ihduced m e  .- The values of the   sec t im induced angle of attack 
presented  herein have been ccanputed by Goldstein's  vortex  theory as 
applied by Lock in reference 6. Goldstein's  theory a~sumes that the 
blades operate  with  the Be-tz loading fo r  minimum induced enerm loss. 
The present  blades were designed for   the  purpose  of supplying  section 
data on a given family of a i r foi l   sect ions,  and the loading was not 
considered In the design,. Ae a consequence the test blades never operate 
with the ideal loading assumed in the theory used f o r  calculating  the 
induced a n g l e  of attack. The values of induced angle presented in the 
tables are  therefore admittedly not  precise,   particularly  for stations 
near  the  t ip  but are of suf f ic ien t   in te res t   to  have warranted thefr  
calculation. Work i s  progressing on the problem of obtaining values of 
induced angle  of attack for   this   propel ler  when operating wfth the 
arbi t rary loadinga obtained during  the tests. A n  analysis of the problem 
of the ca lcu la t im of  the Induced flow for propellers wfth a r b i t r a q  
loading is beyond the scope of this paper, but sane of the work tha t  has 
been done on this problem has been reported in r e f e r a c e s  8, 9 ,  and 10. 

The relat ive maaitude of the induced angle of  attack and the  effect  
of i t s  application on the  lift-curve slope is  shown f o r  m e  Election in 
figure 6 .  Figure 6 i s  a plot  of norm&l"force coefficient  against  the 
uncorrected angle of attack (Bx + Ap - a0) compared wfth a plot of 
normal-force coefficient a inst angle of attack  corrected for the 
Induced ang le  (fJx + dp - 8. Also shown in figure 6 is a plot  of lift 
coefficient  against  angle of attack as determined from wind-tunnel tests 
on 8 two-dimensional model (reference 11). The application of the 
induced angle to   the geometric angle of attack brought  the lift curve 
for  the  propeller data much closer to that for   the  tunnel data. The 
lack of agreement between the  propeller data m d  the wind-tunnel model 
data is due, in  part, to  the  inexact  value of induced angle used fo r  
correcting the angle of attack and may a lso  be  due t o  the f ac t  that, 
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even though  the correct value of induced angle were. b&n, the boundmy 
layer flow on the blade due to centr l fugd  force and the presence of a 
Mach llumber gradient along the blade radiue would af fec t  the Bata obtdned 
on the propeller blade 80 that  it would not be in complete agreement with 
data from two-dimensional model tests. 

Langley Aeronautical  LaBoratory 
National Advieory Conrmittee for Aeronautics 

Langley A i r  Force Base, Va. 

i 
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T a b l e  1.- Ordinates for t he  Blade Section at  *he 0.975 R a d i u s  of  the 
NACA lo-( 5)  (066) -03 Propeller 

T a b l e  2.- Preesure Coefficients and Aerodynamic  Characteristice. of an 
NACA 16-516.25 Bopeller Blade Section (x = 0.30; p, = 68.78O; 
BO m 7 5 R  = 45O; B = 2) 

( a )  N = ll40 r p  
(1) B = 1350 rEpn 

(a) N = 1600 rp 
(e) M = 0.56 
(f) M = 0.58 
(g) M = 0.60 
(h) M = 0.65 

(c) w = 1500 r ~ a n  

Table 3.- Pressure Coefficients and Aerodynamic Ch&racberi8tlcsoof an 
R E A  16-510~00 Propeller Blade Section (x = 0 -45; P, = 59 -25 ; 
Bo *7m = 4 5 ; B  = 2) 

(a) N = llb rp 
(a) = 1350 P 
(c) N = 1500 rpn 
(a) = 1600 
(e) M = 0.56 
(f) M = 0.58 
(g) M = 0.60 
(h) M = 0.65 

Table 4.- B e e m r e  Coefffcients and Aerodynamic Characteristiceoof an 
NACA 16-507.50 Propeller B l a d e  Section (x = 0.60; px = 51.33 ; 
BO .75R = 45O; B = 2) 

(a) w = n40 rp 
(1) N = 1350 m 
( c )  N = 1500 rpn 
(a) m = l6m rp 
( e )  M = 0.56 
(f) M = 0.58 

' (g) M = 0.60 
(h) M = 0.65 
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Table 5.- Pressure Coefflciente and Aerodynamic  Characteristics of an 
NACA 16-506.62 Propeller Blade Section (x = 0.70; px = 47 .OOo; 
Bo .7m = 45O; B = 2) 

(a) N = ll40 rpn 
(b) N = 1350 w m  
(c) N = 1500 rpan 
(d) 1J = 1600 rpm 
(e) M = 0.56 
(f) M = 0.58 
(g) M = 0.60 
(h) M = 0.65 

Table 6.- Pressure Coef'ficients and Aerodynamic Characteristics of an 
NACA 16-505 .e Propeller Blade Section (x = 0.78; pX = 43 .goo; 
B0.m = 45'; B = 2) 

(a) N = 1140 r p n  
(b) N = 1350 m 
( c )  m = 1500 rp 
(a) a = 1600 rp 
(e) M = 0.56 
(f) M = 0.58 
(g) M = 0.60 
(h) M = 0.65 

Table 7.- FYessure Coefficients and Aerodynamic  Characteristics of an 
NACA 16-505.30 Propeller Blade Section (x = 0.e; 8, = 41.10°; 
p0.m = 45'; B = 2) 

(a) N = 1140 r-pm 
(b) N = 1350 r ~ a n  
(c) N = 1500 r ~ p n  
(a) M = 1600 rpu  
(e) M = 0.56 
(f) M = 0.58 
( g )  M = 0.60 
(h) M = 0.65 

5 



(a) N = 1140 rpu  
(b) = 1350 rm 
(c) N = 1500 rpa 
(a) N = 1600 rp 
(e) M = 0.56 
(f) M = 0.58 
(g) M = 0.60 
(h) M = 0.65 

Table 9.- Pressure Coefficients and Aerodynamic  Characteristics of an 
NACA 16-504.40 Propeller Blade  Section (x = 0.95; P, = 38.35O; 
BO.7cj.R -= 45O) 

(a) N = 1140 rp; B = 2 
(b) B = 1350 w; B 2 
( c )  N = 1700 w; B = 2 
(a) N = 1600 rpn; B = 2 
(e) M = 0.56; B = 2 
( f )  M = 0.58; B = 2 
(g) M = 0.60; B = 2 
(h) M = 0.65; B = 2 
(I) N = 1500 rpa; B = 1 
( 3 )  M = 0.56; B = 1 
(k) M = 0.58; B = 1 
( 2 )  M = 0.60; B = 1 

. (m) M = 0.65; B = I 

Table 10.- Preseure Coefficients and Ae;odynamic Char~$teristlce of the 
Blade Section (x = 0.975; P, = 37 .w ; Bo .7m = 4 5 ; B = 2 )  

(a) N = ll40 rpn 
0 )  N = 1350 rEan 
(c) I? = 1500 r ~ p n  
(a) m = 1600 
(e) M = 0.56 
(f) M = 0.58 

. ( g )  M = 0.60 
(h) M = 0.65 
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Figure 1.- D i a g r a m  of the apparatus used to obtain pressure distributions 
on the sectione of operating propellers. 
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Figure 2.- Blade-form curvea for NACA lO-(5)(066)-03. 



NACA RM L5oB21 

. 

c 

Figure 3.- Vector diagram of the velocities and forces acting on a blade 
section. 



Figure 4.- Typicel presme dietrlhltions d o n g  the chord of the 
PIACA 16-504.80 blade section located a t  the x E 0.9 radiua. 
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Figure 6 . -  Variation of normal-force coefficient  with  angle of attack 

' X = 0.78; Mx = 0.70. 
for NACA 16-505.85 section showing ef fec t  of induced angle  correction. 
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